In view of ever-increasing demands on process accuracies and increasingly narrow tolerance windows in laser micro structuring, the monitoring of laser processes and the subsequent quality assurance of the laserstructured products are becoming more and more important. Functional surface structures to be manufactured by laser micro structuring are nowadays in the range of 50 μm down to 10 μm regarding their surface geometries. To cover this demand, this paper deals with the development of a holistic approach to scanner-based, coaxial topography measurement by the integration of a highly accurate inline measuring system into the existing optics of a laser micro machining system. The combination and implementation of the laser processing beam and the measuring beam by the same optics is intended to open up the possibilities of real-time process feedback of the measurement data for the realization of an adaptively controlled laser micro structuring process. Therefore, the influence of the indi-*Corresponding author: Rouwen Kunze, Fraunhofer Institute for Production Technology IPT, Production Metrology, Aachen, Germany, e-mail: rouwen.kunze@ipt.fraunhofer.de Robert Schmitt: Laboratory for Machine Tools and Production Engineering (WZL) of RWTH Aachen University, Chair of Production Metrology and Quality Management, Aachen, Germany vidual system components of the laser beam path on the measurement beam and induced optical aberrations gets evaluated and explained. Resulting from this, solutions for improving the system against these aberrations are developed and evaluated in a demonstrator setup, implementing the measurement system coaxially into a laser micro machining beam path.
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Introduction and motivation
Miniaturization, advanced high performance materials and functional surface structures are all drivers behind key enabling technologies in high added value production. It is in such areas that ultrashort pulsed (USP) lasers have enabled completely new machining concepts, where the big advantages of laser machining are combined with a quasinon-thermal and therefore mild process, which can be used to machine any material with high precision [6] .
The industrial use of ultrashort pulsed laser systems for micro machining is steadily gaining in importance in different industries and applications, and has established itself as one of the most important tools for the micro fabrication technology. It is used for the machining of functionally graded surface geometries like hydrophobic structures for work piece surfaces in the range of 40 μm down to 20 μm [4] . Another example for the use of laser micro structuring is the machining of silicon wafers in the micro range beneath 50 μm down to 10 μm with specialized processing machines [2] . Its technical characteristics, such as the high accuracy, reliability and the variety of machinable materials as well as their low thermal load and good automation capacity, support this development [1] . An important obstacle however that hinders the full exploitation of the unique process characteristics, is the lack of an interactive and adaptive machining technology. The laser process in principle is very accurate, but small deviations, e.g. in the materials to be processed, can compromise the accuracy. Therefore, feedback systems are needed to keep the process accurate, which means to enable the manufacturing of microstructures within the demanded tolerances [11] .
To meet these challenges a measurement device was developed to achieve inline process control in laser material processing, which enables a real-time monitoring of the laser process by coaxially integrating the measurement system directly into the laser scanner system. Specifically, the development of an extended Michelson-type interferometer based on low coherence interferometry (LCI), adapted for a highly adjusted laser micro machining application, is presented in this work. It is discussed in terms of the theoretical background, the challenges on such a system, the concept for its adaption and implementation, its adaption for the laser beam path specifications and an evaluation of the resulting system performance.
Theory background
As described by Schmitt, et al. [9] , the measurement system used is based on the spectral domain low coherence interferometry (SD-LCI). In the SD-LCI the depth information is gained by analyzing the spectrum of an acquired interferogram. The calculation of the Fourier transformation of the acquired spectrum provides a back reflection profile as a function of the depth. For the generation of the interference pattern a measurement and a reference path are used, where the optical path difference between these arms is detected. The higher the optical path difference between reference and measuring arm, the higher the resulting interference modulation. A standard SD-LCI setup is presented in Figure 1 .
According to Brezinski [3] , the total interference signal ( ) is given by the spectral intensity distribution of the light source ( ( )) times the squared magnitude of the sum of the two back reflected signals ( R as the reflection amplitude of the reference arm and ( ) as the backscat-tering coefficient of the object, with regard to the offset 0 ), where k is the optical wavenumber (see Equation (1)).
where is the refractive index, 2 is the optical path length in the reference arm, 2( + ) is the path length in the object arm and 2 the difference in optical path length between both arms. The parameter is defined as zero, since we are only interested in the optical path length difference between both arms. We can do this by neglecting dispersive and polarization effects between the arms. By finding the maximum amplitude at the spectrum's Fourier transformation, the absolute optical path difference can be detected. The measurement range is determined as the region, where the system is capable of detecting a back reflection from a specimen. The maximum measuring depth ( max ) is described by Tomlins & Wang [10] as follows:
where 0 is the central wavelength, Δ is the bandwidth (FWHM -full width at half maximum), is the sample's refractive index and is the number of detector units. The number of detector units are the number of pixels in the spectrometer covered by the light source's spectrum. The axial resolution is defined by the coherence length of the used light source. Therefore, the high axial resolution is implemented independently of the beam-focusing conditions. In other words, this parameter is independent of the used imaging optic.
For a light source with a gaussian spectral intensity distribution Brezinski [3] describes the axial resolution as follows:
SD-LCI systems use in general superluminescent diodes as low coherent light sources, but superluminiscent diodes are not available all spectral ranges of light with high enough output powers to feed the measurement system. Especially in the UV and VIS region superluminescent diodes are insufficient. As an alternative solution for a low coherence light source the usage of supercontinuum lasers is feasible, because these devices are able to provide roughly 25 mW in the VIS. They are also emitting a very broadband spectrum, which warrants a large flexibility on the design of SD-LCI systems, enabling the adaption for the final application, processing head's optical system and specimen.
Technological challenges
In order to fully utilize the potential of the USP laser material processing with regard to high accuracy and repeatability, the measuring system must also have a high degree of accuracy. In the case of an inline integration of the measurement beam into the processing laser beam path and right through the corresponding laser optics, the optical properties of the measurement sensor are strongly dependent on the optical properties of the laser optics [5] . Owing to the fact that the coaxially integrated measuring beam also uses all processing optics of the laser, the generation of optical aberrations as a function of the wavelength of the measuring spectral bandwidth is caused. These aberrations express themselves in a focus shift of the measuring beam. This means the position of the measurement beam is shifted on the processing plane in both -and -position with respect to the laser position, resulting in a displacement of measurement and laser spot. A displaced spot position means for the measurement process a failure in measuring directly in the working point of the laser, which prevents the system from collecting the depth information in the area of interest. Axial to the laser beam, the optics also induce a defocus. Resulting from the induced defocus, the back reflected light from the sample surface is reduced and the signal quality is therefore decreased. Furthermore, the increased spot size of the measurement beam effects the LCI system by decreasing its lateral resolution.
A further challenge for the integrated interferometric topography measurement system is the permanent intensity variation in the measuring path in comparison to the reference path. This results from the measurements of highly differentiated surface structures with different depths in the scanning range. When measuring lower ranges and steep flanks, the intensity decreases in the measuring distance. In order to obtain a stable measurement of the interference and thus of the depth information, the intensities in the measurement and reference paths must be of the same order of magnitude [8] .
In summary, it can be said that the coaxial measurement system integration of a LCI system directly into the optical beam path of an existing laser machining system, despite the potential to perform inline measurements, cannot fully exploit its full performance through several optically induced aberrations. Therefore, the measurement system requires an optical adaptation with respect to its aberration induced optical errors to correct for the focal shift. Besides the optical aberrations, the intensity variation due to reflectivity changes of highly specified surface properties on samples to be measured requires the adaptivity of the reference path light intensity to match the actually given intensity of the measurement beam.
These adaptations are supposed to enable the measurement system to follow the laser directly in its ablation zone to achieve a proper acquisition of the process related parameters for characterizing ablation depth and rate.
System concept
The concept for the integration of the inline measurement system is based on the further development of low coherence interferometry with the aim of reducing the optical aberrations in the measurement system. In order to achieve an accuracy for the measurement system, high enough for measuring microstructures down to 10 μm, the wavelength range of the spectrometer has been adapted close to the laser wavelength so that a beam splitter with a very steep reflection-transmission curve can achieve the coupling of the measurement beam into the laser processing optics. The high steepness of the reflectiontransmission curve of the beam splitter enables the reflection of the light emitted by the laser and the transmission of the measurement beam within its spectral bandwidth with a transition wavelength area of only a few nanometers in between. The transition wavelength area is the spectral range, which is in between the full reflection area and full transmission area of the beam splitter. The near spectral beam coupling is required for reducing the focal shift. This is because the farther away the measurement spectrum is located from the wavelength area for which the laser optics are color corrected, the greater is the lateral shift of the measurement beam on the imaging plane. The color corrected wavelength area of the laser scanning optics is in general a spectrum of several nanometers around the laser emission wavelength. This means that it is highly needed to locate the measurement spectrum as close to the laser wavelength as possible to minimize the optical aberrations in the first place. That makes clear that a small measurement spectrum, mostly located in the color corrected wavelength area of the laser optics, would compromise the measurement system performance to a lower extent than a wide measurement spectrum. This is in contrast with the fact, that an LCI system's axial resolution is increased, the wider the spectral bandwidth of the measurement spectrum is. The impact of the used spectrum on the fundamental system performance is shown in Equation 3. The axial resolution AR is therefore strongly related to the spectral width of the low coherent light source of the measurement system. The wider the spectral width, the better the axial resolution. This demonstrates, that the axial resolution of LCI is, in contrast to its lateral resolution, not a parameter of the optical beam shaping, but a function of the central wavelength and the spectral width of the light source. The wider the spectrum, used for the measurement system, the higher the axial resolution. Therefore, on the one hand the systems axial resolution is enhanced by a wide spectral range, but on the other hand the wide spectrum introduces a major error on the focal shift of the measurement beam.
Resulting from this correlation, both the overall measurement system set-up and the development of its composing units are crucial for the resulting system performance. The coaxial integration of the measurement system into the existing laser beam path of a laser micro structuring machine is sketched schematically in Figure 2 .
In the presented attempt of improving the principle of LCI for a coaxial integration into laser processes the following components of the systems are identified regarding further potential for improvement. The fundamental component of the LCI system is the spectrometer as evaluation unit for it has to be highly configured for the related application to enable a robust measurement process. This configuration, respectively adaption to the correlating process, is necessary since laser applications have a wide range of parameters, which differ for different applications. So, for each different application also the measurement system hast to be adapted and configured as stated above. Another big impact on the measurement system performance is induced by the laser scanning optics, mainly by the laser scanning objective. It affects the optical properties of the measurement beam. The third component identified for improvement is the reference path for it is the reference for inducing the interference signal to be evaluated for the topography depth measurement. In order to achieve the required advancements, the single components are analyzed, adapted for the process. Finally, the measurement system is characterized for ascertaining the impact of the enhancement on the measurement process.
System development
To enable a robust adaptive USP laser process with an inline LCI sensing system for acquiring the necessary process data, the induced optical aberrations due to the coaxial integration have to be reduced to a minimum. The following approaches have been identified and developed for improving the optical system. The first part of the system development was the spectrometer adaption and improvement with the goal to configure the measurement system for the specific laser application. As starting point, a required axial measurement range of 2.5 mm was specified for the measurement system design. This value was assumed, because a measurement range of about 2.5 mm enables the measurement of mostly all relevant surface structures manufactured by laser micro milling processes. For the measurement range in lateral direction, the measurement system is limited to the field of view of the applied laser scanning system for what reason it cannot be included in the spectrometer design. Using Equation (2), a required spectrum of approx.
65 nm can be determined from the required measurement range and the number of pixels of the camera used in the spectrometer. The number of camera pixels required for this purpose can also be derived from the measurement range. This is based on the fact that the more pixels are used for the spectrometer the higher a measurement range for the system can be achieved. Furthermore, in order to achieve a high resolution of the spectrometer, a grating with a preferably high spectral resolution is essential. For the planned wavelength range in the VIS spectrum a grating with 1379 lines per millimeter and a spectral resolution of 0.08 degrees per nanometer is used. In order to make optimum use of the high dispersion of the grating, the highest possible number of pixels on the camera line is required since this enables a high resolution and differentiation of frequency differences in the modulation spectrum of the interference pattern. The spectrometer resolution for LCI is therefore defined as the smallest possible frequency change the system is able to discriminate. Therefore, the aim of the spectrometer is using all available pixels on the detector for imaging the diffracted spectrum. For the used grating the spectrum is to be exposed over a camera line composed of 2048 pixels with a pixel width of 10 μm. The calculated spectrum and underlying parameters for the calculation are shown in Table 1 .
Resulting from the methodological definition of the spectrometer specifications and their interdependencies the last missing component of the spectrometer is the optical system for focusing the diffracted spectrum onto the camera line.
Therefore, based on the grating specifications, camera line width and measurement spectrum, the design and construction of the spectrometer as evaluation unit for the measurement system is carried out due to an optical simulation. The optical simulation is carried out in order to image the measurement spectrum on the camera line with spot sizes as small as possible, taking into account both all pixels of the camera and the entire wavelength range of the light source. For the imaging of the spectrally decomposed back reflected measurement beam, a symmetrical lens construction consisting of two mirror-inverted arranged achromatic lens pairs are used. The optical imaging of the lens set-up is improved with regard to spot size, field of curvature and the width of the imaged spectrum on the camera line. These optimization parameters are aimed at fulfilling the criteria of Table 1 , which means imaging a spectrum of 63.5 nm on 2048 pixels with a pixel width of 10 μm by using all pixels and prevent the image from missing the pixel line at its ends. The adapted set-up of the optical simulation is illustrated in Figure 3 .
The simulation was performed with Zemax Optic Studio and was based on standard commercial optics and the defined measurement spectrum. These parameters were fed into Zemax, which was then used to calculate the best optical set-up for the given boundary conditions. The boundary conditions were to achieve minimal spot sizes with spreading the spectrum over the entire detector line. For achieving this, a merit function with the corresponding restrictions was used. The selecting process for the lenses was done from a pool of commercial achromatic doublets (for minimizing chromatic aberration) by combining all the lenses with each other. After the execution of the simulations, the best set-up was chosen.
The combination of the grating and the lens package achieves a diversification of the spectrum to 20.5 mm, On the basis of the simulation, the evaluation unit was optically and mechanically integrated into the measurement system and is operated by being fed from the back reflected light from the measurement and reference path in order to evaluate the depth measurement from the generated interference signal.
Besides the development of the spectrometer, the other components of the measurement system must also be adapted for the application of measuring micro structured surface geometries generated by the laser milling process. For this purpose, the reduction of the optical aberrations induced by the laser scanning objective are crucial. For minimizing the focal shift as the main goal of the system improvement, the chromatic aberration of the system must be reduced. Accordingly, to these requirements the scan lens is color corrected. This means the optical design of the scan lens is improved regarding imaging the spots of laser and measurement system with the minimal possible spatial deviation. By this method the several lenses of the scanning objective are specifically designed regarding their optical properties as surface geometry, lens spacing, lens substrate and lens coating. In order to analyze the effects of the color correction, an error calculation is performed which gives a first theoretical analysis about the optical properties of the scanning objective for the measurement beam performance, since this is the first time a laser scanning optic is optimized especially for the coupling of a broadband inline measurement system for inline process monitoring.
For calculating the absolute focal shift error of the measurement beam in lateral direction to the laser spot, the spot positions for both beams are simulated by calculating the optical centroid, by using a grid of rays to determine the x-and y-coordinates of the centroid of all rays from a single field point on the image plane. The optical centroid of the beam defines the spot position in lateral direction. The system's focal shift is characterized by taking into account an array of scanning steps from −5 ∘ to 5 ∘ for both scanning directions. In doing so the varying focal shift over the scan field can be identified. For calculating the value of absolute focal shift between the two beams the distance formula is applied as follows:
The following Table 2 gives an overview of the resulting absolute errors over the field of view of the scanning objective. By scanning through the rotation-symmetric scanning objective with a rectangular scan pattern, one obtains data, based on which the focal shift can be represented in a symmetrical matrix. For the biggest scan angles at the outer edge of the scan field a maximum focal shift on the corresponding field of view of roughly 5 μm is calculated. When measuring through the optical axis no deviation in the focus positions is calculated. Considering the spot and is therefore capable of measuring directly in the ablation zone of the laser, which is the most crucial condition for the measurement system for being able to perform inline measurements. The laser scanning system also introduces an axial focal shift to the measurement system. For estimating the resulting focal shift in axial direction a simulation of the saddle pattern of the scanning objective for the two wavelengths is executed. The saddle pattern of the scanning objective illustrates the focal length distribution over the scan field. The saddle patterns of the used optic are shown for both the laser wavelength and the middle measurement wavelength in Figure 4 . The simulation was performed with Zemax Optic Studio and was based on a Blackbox model of the manufactured f-Theta lens. For simulating the focal length difference for the measurement beam, the central wavelength of the applied spectrum was used. For the laser beam the typical laser emission wavelength was used.
The images show that just for one wavelength applied to the scanning objective a field angle dependent focal shift is introduced. For only the laser wavelength the longest focal length is 303 403 mm and for the mean measurement wavelength it is 303 148 mm. The shortest focal length for the laser wavelength is 303 160 mm and for the mean measurement wavelength it is 302 904 mm.
These values are directly exported from Zemax. By calculating the optical path length difference for each wavelength it can be seen that it is 243 μm for both. By comparing the saddle patterns of the different wavelengths with each other it is conspicuous that the measurement beam is imaged nearer to the aperture of the imaging optic. This means the measurement beam is focused with a shorter effective focal length. Based on the values from Zemax the focal path length differences between the two measurement beams are calculated for five times five scan angles, whereupon the average of these values is calculated. Therefore, in average the effective focal length of the measurement beam is 255 μm shorter than the effective focal length of the laser beam. These results indicate a remaining axial focal shift in between both beams of about 255 μm.
In summary it can be said that the scanning lens improvement in principle enables the measurement system to perform measurements in the laser ablation zone for it reduces the lateral focal shift to values beneath 5 μm. For the axial focal shift an offset of about 255 μm still remains, which is a drawback on the measurement range for the measurement range is reduced by this value.
However, the drawback of missing measurement range can be addressed by the reference path. As part of the topography sensor, the reference path shall match the optical path length of the measurement path to ensure a well-conditioned interference signal for the spectrometer. Also content of the reference path development is the requirement on an adaptive intensity feedback control, adjusted to the intensity of the back reflected light from the measurement path. This strongly depends on the work piece conditions as material type, orientation and alignment such that the reference path shall be highly adaptable to these intensity variations. The requirements for the reference path are therefore an automatic adjustable path length and intensity variation.
For the automatic adjustable path length variation, the reference path is automated by a software controlled linear stage for moving the reflecting optic at the end of the reference path. Moving the reference element, the length of the reference path can be adapted to match the optical path length of the measurement path. Instead of using a focusing lens and a mirror as reference element, a retroreflector is used. With such a retroreflector, the beam is always parallel with respect to the incoming beam in both planes, regardless of the orientation. Therefore, yaw and pitch errors of the stage are not relevant for the set-up. Furthermore, this retroreflector can replace both reflecting element and lens at the end of the reference path, which also avoids further chromatic induced aberrations for the reference path caused by a combination of lens and mirror. For the function of matching the back reflected light of the measurement path, a mechanical shutter is placed into the open reference beam. This is a shutter aperture mounted on a galvo-based scanner motor for reducing the beam aperture via rotating the shutter. It is used as a fast continuous attenuator for matching the light intensity of the reference path regarding the current intensity of the measurement path to generate a robust measurement signal. The current intensities of both paths are each measured by two photodiodes implemented in the corresponding beam path. Due to measuring the ratio between the diodes of one path an automatic adjustment of the reference path is done to match its ratio with the one of the measurement path.
Finally, the resulting improved topography sensing system based on low coherence interferometry is set up to be able to face the various drawbacks induced to the coaxial integration into the laser beam path optics.
System characterization
To characterize the developed measurement system, it is analyzed regarding its capability of performing inline measurements. After the calibration was done the following measurement experiments for the system characterization are executed as outlined.
For the spectrometer mostly all critical optimization parameters mentioned can be analyzed by characterizing the resulting measurement range. The experiments for analyzing the final measurement range are executed by measuring a plane mirror surface with a flatness of /10. The mirror delivers a high reflectivity and provides an ideal environment for characterization issues, because influences induced by the sample can then be neglected. For the experiment the mirror is adjusted in the effective focus position of the scanning lens and is then moved as far away from the lens aperture a possible without losing the signal. Then the gauss fit algorithm of the signal processing software is used to determine the longest measurable distance before the signal gets lost. Then the distance of the mirror is slightly decreased to a minimum distance at which the gauss fit algorithm loses the signal. The axial measurement range, in which the system is capable of measuring a proper signal without losing it, represents the measurement range along the optical z-axis. The reason for the signal fading away is that by over-exploiting the whole measurement range, the frequency of the interference signal is increased to a level at which the spectrometer is not able of discriminating the different frequencies from each other anymore. This means by exceeding the measurement range the spectrometer can no longer resolve the interference signal wherefore the signal drops and no peak can be found anymore. For the developed LCI measurement system, the resulting measurement range is about 1.3 mm.
For the remaining axial aberration, represented by the saddle pattern, a measurement on an even mirror surface is used once more. A complete scan with 50 times 50 steps over the full field of view of the scanning objective is carried out, measuring the distance to the flat surface. As result the saddle profile illustrated in Figure 5 is measured.
The picture shows that the measured mirror surface is not as flat as it should be. The illustrated saddle pattern is induced due to the focal length variation of the scan- ning objective. The measurement shows roughly an axial focal shift of 200 μm, which is slightly smaller than the estimated value of the optical simulation. So it can be said that the reduced measurement range is in parts caused from the axial focal length variation.
For a characterization of the system resolution a resolution standard is measured. The resolution standard consists of a set of gratings with a varying pitch. The range of pitch values lasts from 4 μm to 800 μm and all grooves of the standard have the same depth. A measurement of the grooves starting with 80 μm pitch downwards to 8 μm is done for analyzing the system regarding its resulting resolution. The results shown in Figure 6 are achieved.
It can be inferred from the test on the resolution, that the system is capable of measuring the grooves with 80 μm and 40 μm. In spite of the increased noise of the measurements of the 40 μm grooves the pitch can still be measured. Going for the measurements of the 20 μm pitch, the signal-to-noise ratio is further decreased, but also for measuring this line width the resolution is sufficient. The 8 μm pitch is not measurable anymore, because the groove pitch falls below the system resolution. Based on this result the resolution of the system can be assumed to be somewhere in between 8 μm and 20 μm. This correlates quite well with the simulation result, which shows a spot size of the scanning objective in the order of magnitude of 10 μm, because for LCI the lateral resolution is a value of the focusing optic. The deviation in the height of the measurements is caused by the axial focal shift and shall be neglected for the time being. Following to these first measurement tests, the system was finally tested for measurements on application near structures, manufactured by the laser milling machine, which is used for the measurement system implementation. To analyze the measurability of the surface structures with little light output from the back-reflected measurement signal, pockets manufactured by laser milling, were measured with the developed measurement system solution. The measurement results for the pockets are shown in Figure 7 .
The measured pockets were also measured by a commercial stand-alone measurement system (Laser Confocal Microscope Olympus LEXT OLS4100) to compare measurements of the developed interferometric measurement sensor with reference measurements. The measured pockets are highlighted in Figure 7 and their measured depths are shown in Table 3 .
The measured pocket depths are extracted from the measurements of the interferometric inline measurement sensor by averaging the pocket bottom depth values of the different scan angles. As a result, it can be seen that the depth measured by the inline system are in the order of magnitude of the measured depths by the commercial system. Although, the depth values of the inline measurement system are slightly of the values generated by the commercial stand-alone confocal microscope. This deviation of the measured depth values of the inline sensor compared to the confocal microscope is also to be explained by the influences of the online integration through the laser scanning optics on the measurement beam. The axial focal shift, illustrated due to the saddle pattern in Figure 5 , induces a field of curvature over the field of view of the scanning objective. This results in a contorted proportion of the images plane in axial direction for different scan an-gles. Therefore, the axial focal shift of the saddle pattern is added to the real depth value for every scan angle in the field of view. Depending on the scan angle, the depth offset of the interferometric sensor differs about 0.3 μm to 3.3 μm with respect to the measured depths of the commercial measurement system.
Conclusion and outlook
It has been shown that by the development of the evaluation unit, combined with the reduction of optical induced aberrations, an improvement of a coaxially integrated measuring process based on low coherence interferometry can be achieved. A great benefit is the improved coincidence of the measuring beam relative to the laser. This provides the measurement system the capability of measuring exactly in the laser ablation zone. Only this condition enables the system to perform inline measurements during the laser machining process. Furthermore, the automatic adjustable reference path enables the system a great flexibility for reacting on process and work piece deviations. Regarding the limited measurement range, several reasons can be identified. Considering Equation (2) the parameters of the spectrometer are identified as the influencing factors for the axial measurement range. The spectral width of the measurement spectrum, its central wavelength, the applied number of detector pixels and the spot sizes of the recombined beam imaged on the detector (recombination from reference and measurement path) are the main factors. These parameters are all influencing the measurement range. Therefore, the reduced axial range in comparison to the ideal calculated value is most likely to explain by the spot sizes, generated by the imaging unit of the spectrometer. The imaged spots exceed the pixels pitch of 10 μm with roughly 16 μm spot size about half the width of the pixels. This is caused by the diffraction limit for the optical set-up. In addition, a higher number of pixels and a brighter measurement spectrum can increase the axial measurement range, but the latter is conflicting with the lateral measurement beam shift and cannot be increased without compromising the beam alignment. Finally, system implementation and adjustment errors can cause the reduced range. The mechanical manufacturing is limited within the machine tolerances. Optical mounts for optic attachment and implementation have limitations in their position accuracies. All mounts for adjusting the system were micrometer driven optical mounts and cannot provide a perfect alignment since they have to be aligned manually, wherefore spurious errors have certainly an effect on the system. This finally results in a displacement of the measurement spectrum and the detector line, leading to a decreased measurement spectrum and pixel number. This again is an explanation for the reduced axial measurement range. The offset of the measured depth of the inline sensor in comparison to the commercial system is generated by the axial focal shift induced by the f-Theta lens, for the axial focal length deviations are added to the measurement values.
These deviations from the optimum theoretical correction of the developed measurement system, illustrate how important the correction of the optical aberrations is. The system can only perform inline measurements, if the lateral shift of the measurement beam is corrected with respect to the laser beam position. For measuring the ablation depth, respectively the ablation rate, during laser micro structuring processes, the axial focal shift has to be compensated. Only with these requirements met, the system can monitor laser micromachining processes with the aim of an inline feedback control.
